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In this paper a finite-difference time-domain method is used to model and analyze the application of dynamic scanning in target 
detection and imaging by using an effective negative-refraction photonic crystal (NR-PC) flat lens. The results show that there is a 
transmission peak, with a value far greater than unity, resulting from the influence of mini-forbidden bands and resonance excita-
tion effect at a resonance frequency of 0.3068(a/λ). Thus, the lightwave emitted from the point source will provide strong back-
scattered waves after being focused on the target by the NR-PC lens that greatly improves the refocusing resolution and imaging 
resolution of the backscattered wave. Furthermore, a comparison with a non-dynamic scanning scheme clearly demonstrates that 
the dynamic scanning scheme provides improved refocusing resolution. In conclusion, our investigation optimized the perform-
ance of a detection and imaging system, and provided the basis for converting an idealized LHM lens into a physically realizable 
NR-PC flat lens. 
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Initiated by the recent microwave experiment demonstration 
[1] of Smith et al. on the unique electromagnetic properties 
of Veselago’s negative-refraction-index materials (NRIM) 
[2], there has been a progressive increase in experiments to 
verify these unique properties [3,4]. Because the NRIM 
have negative permittivity and permeability, and the electric 
and magnetic field vectors form a left-handed set with the 
wave vector, such artificial materials are also referred to as 
left handed materials (LHM). 
The realization of the LHM has provoked great interest 
in many specific applications, such as in the area of 
near-field target detection and imaging. Among these ap-
plications of LHM, focusing with lenses that have flat sur-
faces has been proposed [5]. Theoretical analysis and nu- 
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merical simulations [6] indicated that the so-called perfect 
lens made of LHM with no losses may achieve a focus 
resolution overcoming the optical diffraction limit. Gener-
ally, higher focus resolution yields better imaging resolu-
tion [7]. 
Though, in theory, it is quite reasonable to use an LHM 
flat lens for high-resolution near-field target detection and 
imaging [7], there is still much uncertainty about whether 
such materials actually exist in nature. Using different 
methods, Notomi has demonstrated 2D Photonic crystals 
exhibiting negative index or negative refraction effects [8], 
namely negative refraction photonic crystals (NR-PC). 
From these results we know that negative refraction usually 
occurs in the band gap of the equifrequency surface (EFS) 
in k space because the size of the contour of the EFS in the k 
space decreases with increasing frequencies. The contour of 
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the EFS up to a certain frequency takes a quasi-circular 
shape [9], which means the light propagating in the PC is 
similar to that propagating in the isotropic medium at these 
frequencies. Hence, the effective negative index of refrac-
tion (neff) can be used to describe the propagation property 
of light with frequencies falling into a certain frequency 
spectrum for a given NR-PC, which could be used as a flat 
lens in near field target detection and imaging [10,11]. 
The two-dimensional photonic crystal structure examined 
in this paper, as shown in Figure 1(a), is formed by periodi-
cally drilling 7 rows (along the Z-axis) of 30 identical air 
holes (along the X-axis) in a GaAs matrix with a dielectric 
constant ε=12.96 (n=3.6). The air cylinders take on a trian-
gular array, and the radius of the air cylinders is 0.4a (a 
represents the lattice constant). The refractive index of the 
photonic crystal is calculated for the TM mode and is drawn 
in Figure 1(b) using the algorithm in reference [8]. It is clear 
that neff changes with normalized frequency ω=a/λ. From 
Figure 1(b), we know that when neff takes the value of –1, 
the corresponding normalized frequency ω is about 0.3068. 
Based on the phenomenon of negative refraction, it is 
easy to envisage that the NR-PC flat lens and the LHM flat 
lens [5] share the same image-forming principles. As shown 
in Figure 1(a), the lightwave emitted from a point source on 
one side of the NR-PC lens can be focused at one focal 
point F1 inside the NR-PC lens, and then at the other focal 
point F2 outside the NR-PC lens. When a target is brought 
into the focal point F2, the lightwave from the source is fo-
cused on the target by the flat NR-PC lens, and the target 
will backscatter the focused lightwave, which will then be 
refocused in the vicinity of the source point by the same flat 
NR-PC lens. Because the focal point F2 can be controlled 
easily by moving the point source along the lines of the 
surface of the lens or adjusting the distance between them, 
the target can easily be scanned and its image in the vicinity 
of the source point is significantly enhanced. Generally, the 
complete lightwave recorded at each receiving point is the 
combination of three parts, i.e. the wave emitted from the 
source, the wave reflected from the entrance and exit sur-
faces of the NR-PC lens (for NR-PC of neff≠–1), and the 
refocused wave of the backscattered lightwave (scattering 
signal). Thus, the scattering signal is acquired by taking the 
difference between what is recorded by the detector with or 
without a target on the focal point F2. This means that target 
detection and imaging can be realized, with a high resolu-
tion ratio and without a complicated imaging algorithm, 
simply by computing the lightwave distribution of the 
scattering signal from the target [6]. 
In this paper, we mainly discuss the target detection and 
imaging properties of the dynamic scanning system by us-
ing the NR-PC flat lens. Numerical simulations with the 2D 
finite-difference time-domain (FDTD) method show that a 
sharp transmission peak of the lightwave appears at the 
resonance frequency 0.3068 (a/λ) for the NR-PC flat lens. 
In addition, the lightwave backscattered from the target is 
enhanced greatly, which significantly improves the lateral 
refocusing and imaging resolution, and as a result optimizes 
the performance of the target detection and imaging system. 
The design and calculation models of the NR-PC flat lens 
are further studied using the dynamic scanning scheme. 
Detailed comparison with non-dynamic scanning will be 
more helpful in evaluating a specific application of the dy-
namic scanning scheme on target detection and imaging. 
1  Design and calculation models of the NR-PC 
flat lens 
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Figure 1  (a) Target detection and imaging using the NR-PC flat lens; (b) change curve of neff and ω in the NR-PC lens (for the TM mode) [8]. 
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and H are the electric and magnetic field vectors of the 
electromagnetic wave, the permittivity ε(r) is the relative 
dielectric constant, and µ(r)=1 is the relative magnetic per-
meability. 
The FDTD method [12] is well-established with a 
somewhat lower computational capacity in comparison to 
its high accuracy when compared with other methods. It has 
been widely used to study characteristics of electromagnetic 
waves in NR-PC. Its fundamental principle is that Max-
well’s equations are first expressed as scalar equations of 
electric and magnetic field components in Cartesian coor-
dinates, and then the differential quotient is replaced with 
the difference quotient with accuracy to the second order. In 
our simulation, a perfectly matched layer (PML) is used in 
the X and Y directions as boundary conditions [12]. Because 
these equations are functions of space and time, they can be 
discretized in the space and time domains by the Yee-cell 
technique and be used to find field solutions numerically. 
It is noteworthy that the mode of light propagating in 
photonic crystals (PC) is very different from that in LHM. 
For the LHM with refractive index n = –1, there is no re-
flection at the air-LHM interface, however light will ex-
perience multiple reflection and refraction at the air-PC in-
terface, even for NR-PC when neff = –1, leading to great 
losses or much lower transmissivity for the light propagat-
ing through the NR-PC. To optimize the performance of the 
focus-scanning scheme, an effective way to improve trans-
missivity is needed. 
The corresponding investigation of raising the transmis-
sivity has already been presented in our previous thesis 
cited by OPTIK [13]. When the center frequency (ωp) of the 
wave source is set at 0.3068 (a/λ), the transmission is en-
hanced dramatically, with the transmission coefficient up to 
4500 at the frequency point of 0.3068 (a/λ). The physical 
mechanism can be explained by the redistribution of optical 
energy. The incident optical waves with a different fre-
quency will experience intensive Bragg scattering when 
they are incident upon the NR-PC and propagating in the 
NR-PC because of the periodic distribution of nega-
tive-refraction media, which results in mini-forbidden bands 
and a photonic tunneling effect for a given NR-PC [14,15]. 
At the same time, the optical energy is highly localized, and 
the high transmissivity appears at the resonance frequency. 
2  Refocusing of the backscattered wave in target 
detection and imaging from an NR-PC flat lens 
The focusing-refocusing property is a very important per-
formance parameter that supports the use of the NR-PC flat 
lens for lightwave target detection and imaging. By taking 
the measured width at 0.707-maximum of the normalized 
field intensity of the refocused beam profile as the defini-
tion of resolution [16], the performance of the target detec-
tion and imaging system based on the NR-PC flat lens can 
be further evaluated. In particular, for the detection and im-
aging of a small target at an early stage, high sensitivity is 
very desirable, thus, our investigation may have great sig-
nificance for imaging systems. 
In our FDTD simulations, the center frequency of the 
point source is adjusted to 0.3068 (a/λ) for a high transmis-
sivity. Meanwhile, we consider the typical situation where a 
point source and a detector are set to move together along 
the scanning line z = −λ with intervals of Δx = 0.2 μm. The 
2D flat NR-PC lens with a thickness of d = 2λ is set at 0 ≤ z 
≤ 2λ, and a target of a PEC square with a side length of L = 
1/3λ is located at the focal point F2. 
First the performance of the complete lightwave is inves-
tigated. The simulation diagram of the complete lightwave 
field in the computation area and its corresponding field 
intensity distribution along the scanning line z = –λ are de-
picted in Figure 2(a) and (b). 
From the arrowheaded lines in Figure 2(a), it is clear that 
the imaging of the NR-PC lens obeys geometrical optics. 
Furthermore, there is a one-to-one correspondence between 
the energy distribution of the complete lightwave field 
(Figure 2(a)) and the distribution curve of its field intensity 
(Figure 2(b)), and the maximum field intensity on the line z 
= –λ is obtained in the vicinity of the point source. 
Figure 2 depicts the properties of the complete lightwave, 
whereas the main role of the NR-PC flat lens in target de-
tection and imaging is actually embodied in the characteris-
tics of the scattering signal from the target. Therefore, to 
obtain the scattering wave, we may substrate the fields re-
corded without the target at F2 from the fields recorded with 
the target at F2. Then, on the basis that the other parameters 
 
Figure 2  (a) Simulation diagram of the complete lightwave in the com-
putation area; (b) beam profile of the complete lightwave field intensity 
along line z = –λ. 
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are the same as previously, we further contrast the proper-
ties of the scattering signal with those obtained when ωp = 
0.2068(a/λ). Detailed comparisons are shown in Figure 3. 
By measuring the full width of the beam profile at 
0.707-maximum as given in Figure 3, we find that the refo-
cusing resolutions are approximately 0.3718λ and 1.59λ for 
ωp = 0.3068 (a/λ) and ωp = 0.2068 (a/λ). Obviously, the 
lateral refocusing resolution corresponding to 0.3068 (a/λ) 
is four times that of 0.2068 (a/λ). This is clear from the 
theoretical point of view in which the scattering signal of 
the target is greatly enhanced because the backscattered 
wave has a higher transmissivity in the narrow band around 
the frequency of 0.3068 (a/λ). This results in significant 
enhancement of the lateral refocusing and imaging resolu-
tion, and optimizes the performance of the focus-scanning 
scheme. We now see that the concept of a flat NR-PC lens 
is physically sound and experimentally feasible. 
3  Importance of dynamic scanning in target  
detection and imaging using NR-PC flat lens 
It should be noted that our research outlined above was 
based on the dynamic scanning scheme. This is different 
from the non-dynamic scanning scheme with the point 
source being set to stay static and only the detector moving 
along the scanning line. The dynamic scanning scheme re-
quires the point source and the detector to move together. 
Further comparisons between the two scanning schemes 
will be more helpful for evaluating the superiority of the 
dynamic scanning scheme in target detection and imaging. 
In the following simulation, we consider the above de-
fined flat NR-PC lens d = 2λ thick and the point source with 
ωp = 0.3068 (a/λ). Moreover, the square PEC target at focal 
point F2 with side lengths of L = 1/6λ, L = 1/10λ and L = 
1/30λ are detected separately using the two scanning 
schemes. The corresponding beam profiles of the normal-
ized field intensity of the scattering signals are presented in 
Figure 4. As shown in Figure 4, the solid curves indicate the  
 
Figure 3  Beam profile of the normalized field intensity of the scattering 
signal from the square PEC target with a side length of L = 1/3λ. The point 
source with a center frequency of 0.2068 (a/λ) and 0.3068 (a/λ) is local-
ized at (–λ, 0), respectively. 
 
Figure 4  Beam profiles of the normalized field intensity of the scattering 
signal obtained by detecting different square PEC targets with the dynamic 
(the solid curves) and non-dynamic (the dashed curves) scanning schemes. 
Table 1  Refocusing resolutions obtained by detecting different square 
PEC targets with the dynamic and non-dynamic scanning schemes 
The size of the square targets 
 
L=1/6λ L=1/10λ L=1/30λ 
Refocusing resolution 
for dynamic scanning 0.4736λ 0.4868λ 0.51λ 
Refocusing resolution 
for non-dynamic scanning 0.5004λ 0.6014λ 0.6388λ 
 
dynamic scanning scheme, and the dashed curves depict the 
non-dynamic scanning scheme. 
From Figure 4 and Table 1 we know that the dynamic 
scanning scheme may achieve better refocusing resolution 
than the non-dynamic scanning scheme in target detection 
and imaging. When using the dynamic scanning scheme to 
detect a square target with side lengths of L = 1/6λ, L = 
1/10λ and L = 1/30λ, there were approximately 6%, 24% 
and 25% improvements in the refocusing resolution, when 
compared to those when the non-dynamic scanning scheme 
was used. In other words, decreasing the size of the target 
results in significant improvements to the superiority of the 
dynamic scanning scheme. In addition, regardless of which 
scanning scheme is chosen, the refocusing resolution im-
proves with the increase in the target size, which obviously 
conforms to the general laws of physics. 
To further demonstrate the important role of dynamic scan-
ning in target detection and imaging, we changed the shape of 
the targets by applying cylinder PEC targets with diameters of 
D = 1/6λ, D = 1/10λ and D = 1/30λ. Relevant refocusing 
properties after comparing with those of the square targets are 
presented in Figure 5 and Table 2. As shown in Figure 5, the 
solid curves indicate the situation where the square targets 
were under detection, while the dashed curves depict the 
situation when the cylinder targets were used. 
According to [7], for the LHM lens, the dynamic scan-
ning scheme has a scanning resolution of 0.257λ when de-
tecting a PEC cylinder target with a diameter of D = 1/6λ. 
For the NR-PC lens, the refocusing resolution was ap-
proximately 0.2564λ, which is nearly equal to that of the 
LHM lens. Therefore, the NR-PC flat lens and the LHM  
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Figure 5  Beam profiles of the normalized field intensity of the scattering 
signal obtained by detecting different square (the solid curves) and cylinder 
(the dashed curves) PEC targets with the dynamic scanning scheme. 
Table 2  Refocusing resolutions obtained by detecting different square 
and cylinder PEC targets with the dynamic scanning scheme 
 Size of targets Resolution 
L=1/6λ 0.4736λ 
L=1/10λ 0.4868λ Square target 
L=1/30λ 0.51λ 
D=1/6λ 0.2564λ 
D=1/10λ 0.3286λ Cylinder target 
D=1/30λ 0.3518λ 
 
lens have approximately equal image accuracy when using 
the dynamic scanning scheme. From Figure 5 and Table 2 
we know that the refocusing resolution obtained by the de-
tection of the cylinder target is far superior to that of the 
square target. 
4  Conclusions 
On the basis of the 2D FDTD method, we applied a dy-
namic scanning scheme to study the characteristics of the 
NR-PC flat lens. It was demonstrated that because of the 
influence of the mini-forbidden band and resonance excita-
tion effect, high transmissivity will appear at the resonance 
frequency of 0.3068 (a/λ) when the lightwave goes through 
the NR-PC lens. In addition, the focusing characteristics of 
the NR-PC lens and the exponential amplification of the 
evanescent wave [5] make the scheme quite efficient in 
raising the backscattered wave, which leads to a refocusing 
resolution and imaging resolution with significant en-
hancement. The detailed performance analysis demonstrated  
that the dynamic scanning scheme is superior to the non- 
dynamic scanning scheme in target detection and imaging. 
Furthermore, the NR-PC flat lens and the LHM lens have 
approximately equal image accuracy when using the dy-
namic scanning scheme, and the refocusing resolution ob-
tained by the detection of a cylinder target is greatly supe-
rior to that of a square target. 
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